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INTRODUCTION 
The U. S. Department of Energy's Morgantown Energy Technology Center 
(METC) has developed a multi-level capacitance imaging system (CIS) for imaging 
flow patterns in its fluidized-bed research program. The CIS measures displacement 
current across a cold fluidized bed and provides researchers with a 3-Dimensional real-
time display of bed density estimates while simultaneously recording data for post-run 
analysis. The CIS has evolved from a single level, 16-electrode, 49-pixel system to the 
present four-level, 32-electrode, 193-pixel system. 
BACKGROUND 
The CIS was developed for use in METC's fluidized bed research program. 
METC researchers needed an instrument to provide a non-intrusive look into the bed 
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and provide infonnation about bed density. Many technologies have been used to 
measure void fraction and provide density estimates for flows in pipes and fluidized-
beds. These included radio frequency probes, capacitance probes, and computed 
tomography systems (MacCuaig et al. (1985) \ Gilboy, Foster, and Folkard 2). 
Fasching and Smith 3,4 provide a review of the published research in this area. 
Tournaire 5 analyzed the effect of void-fraction distribution upon the 
pennittivity-based measured value of void-fraction in two-phase flow pipes. Halow, 
Fasching, and Nicoletti 6 used the initial CIS configuration (I-level, 49-pixel) to study 
fluidized bed circulation patterns in the first known application of this type of imaging 
to fluidized-bed research. 
THEORY 
The CIS utilizes 32-electrodes placed about the circumference of a 15.2 cm 
polyvinyl chloride pipe. Figure 1 shows the electrodes and the pixel definitions. 
Guard electrodes have been placed above and below the "active electrodes" to minimize 
distortion of the electric fields. 
The CIS measures the nonnalized change from the slumped bed (most densely 
packed) value of the dielectric constant of the material within each pixel through 
equations like 
Where: 
(1) 
.ilkl is the contribution of the material change within pixel kl to the change in 
interelectrode current flowing through the flux tube that intercepts pixel kl 
10 is the current flowing through pixel 1 under "empty" bed conditions 
II is the current flowing through pixel kl under "slumped-" bed conditions 
12 is the current flowing through pixel kl under test conditions 
€o is the dielectric constant of the material within pixel kl under empty bed 
conditions 
€I is the dielectric constant of the material within pixel kl under "slumped-" 
bed conditions 
€2 is the dielectric constant of the material within pixel kl under test conditions 
From equation (1), the dielectric constant of the material within pixel kl (€2) under test 
conditions can be found by the relationship: 
(2) 
Where: 
€I is known, and .ilkl is found using the measured set of (400) interelectrode currents. 
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Figure 1. CIS Pixel Definitions 
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Looyenga 7 developed the following model for determining the effective dielectric 
constant of a mixture of known proportions of two materials of specified dielectric 
constants: 
f2 = [(fb1l3 - f.1I3) Vb + fa1l3]3 
Where: 
f2 is the effective dielectric constant of the mixture, 
fa is the dielectric constant of component a. 
fb is the dielectric component of part band 
Vb is the volume fraction of component b. 
(3) 
Fasching and Smith 3 provide a detailed description of the relationship between the 
interelectrode currents and material density. 
EXPERIMENTAL SYSTEM DESIGN 
The CIS experimental system consists of the sense vessel, custom electronics 
and a personal computer. Figure 2 shows the schematic drawing of the test vessel. 
The test vessel is a PVC pipe approximately 48-inches long, milled to an inside 
diameter of 15.24-cm. The sensing electrodes are mounted on the inside surface of the 
pipe approximately midway along the length. The sensing electrodes are constructed of 
stainless steel and measure 1.27-cm wide by 2.34-cm long. There are eight levels of 
sensing electrodes (32-electrodes per level) installed on the test vessel. The upper four 
levels of electrodes are currently used as part of the guard electrode system. Guard 
electrodes are placed on the inside and outside surface of the PVC pipe (above and 
below the sensing electrodes) to minimize distortion of the electric fields. Air pulses 
(of adjustable width and frequency) and fluidizing air may be introduced at the bottom 
of the PVC pipe. 
Custom electronics developed for the CIS provide timing and control functions, 
data acquisition, electrode excitation and displacement current sense functions. The 
CIS electrodes are excited with a 400 kHz sinewave at 250Vw Electrodes are excited 
in pairs (of adjacent electrodes) while displacement currents may be sensed from any of 
the 32 electrodes. 
Four electrode excitation patterns (noted as CASE ZERO, I, II, and ill) are 
used for CIS data acquisition. Electrode excitation patterns vary in the number of 
electrode pairs (0,1,2,3) that are grounded between sets of adjacent electrodes excited 
with the AC voltage (noted as + V) and sets of adjacent electrodes excited with the AC 
voltage whose phase has been shifted 180 degrees (noted as -V). In CASE I (see 
Figure 1), electrodes 1 and 32 (one pair) are grounded, electrodes 2 through 15 are 
excited with + V, electrodes 16 and 17 (one pair) are grounded and electrodes 18 
through 31 are excited with -V. Displacement currents are then measured from 
electrodes 2-31, 3-30, 4-29, 5-28, 6-27, 7-26, 8-25, 9-24, 10-23, 11-22, 12-21, 13-20, 
14-19, 15-18. The grounded pairs are then advanced by one pair of electrodes (e.g. 1-
32 to 2-3 and 16-17 to 19-20) and the same pattern of measurements is made (e.g. 4-
1, 5-32, etc.). The pattern is advanced until eight sets of measurements have been 
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Figure 2. CIS Fluidized-Bed and Electrode Arrangement 
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made. No measurements are taken for adjacent electrode pairs excited with +/-V 
(Case ZERO) due to the high level of displacement current. 
Each CIS measurement set consists of 400 displacement current measurements. 
Each displacement current measurement is an average of eight samples to improve 
system signal-to-noise ratio. CIS acquires data at 25,000 measurements per second. 
CIS data is acquired in batch mode and transferred to a pc for local display of 
raw data. Data is transferred to a V AX system for detailed analysis and generation of 
the 3-D density maps. The CIS provides the researcher with a "real-time" data display 
of pixel density estimates. The video signal is generated in an NTSC format for 
display on a standard video monitor. 
Prior to acquiring data with the CIS, the system is initialized (equalizing the 
dynamic range of the displacement current measurements introduced by widely varying 
bed distances over which the measurements are made), standardized (determining the 
range of density values for slumped-bed and empty bed conditions) and normalized 
(finding the range over which the current may change from flat bed to empty bed) for 
use in calculating the real time normalized pixel density values. 
DATA ANALYSIS 
There are three techniques used to analyze CIS data, one real-time for 
researcher feedback on experimental conditions and two post-run analysis techniques 
which provide enhanced accuracy over the real-time approach. Method 1, developed 
for the real time video display, provides pixel density estimates based on the square 
root of the sum of the two measured displacement currents which have been found to 
best predict the density for calibration data. Method I has an rms error of 
approximately 37 %. 
Method 2 requires the simultaneous solution to 400 equations to fmd the [D] 
values using the equation 
[I] = [L] [D] (4) 
where: [I] is the column matrix of 400 values of measured displacement current, [D] is 
the column matrix of 193-pixel density values, and [L] is the 400 row by 193-column 
matrix of coefficients assumed to linearly relate the pixel densities to displacement 
currents. Method 2 has an rms error of approximately 23 %. 
Method 3 requires a sum-of-products operation using the equation 
[D] = [K] [I] (5) 
where [D] is the column matrix of 193-pixel density values, [I] is the column matrix of 
400 displacement current measurements and [K] is the 193-row by 400-column matrix 
of coefficients assumed to linearly relate the pixel densities to displacement currents. 
Method 3 has an rms error of approximately 16%. Figure 3 shows a 193-pixel density 
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map for one level. The filter time constant (a) refers to a level of Gausian filtering used 
on raw data to evaluate the CIS frequency response. 
CONCLUSIONSIFUTURE PLANS 
The CIS is providing researchers with unique, detailed information on the flow 
patterns (both solids and voids) within a cold fluid bed simulator. Researchers at METC 
plan tests during the fall of 92 using the 4-level, 193-pixel CIS to study flow patterns in 
a 30A-cm diameter fluid bed simulator. For improved resolution the system could be 
converted to a 545-pixel, 8-level, 32-electrode system. This technology is applicable for 
multi-component flows where the components display significant differences in 
dielectric constants. Potential applications of this technology include the measurement of 
high density particle flow streams and characterization of material flow/mixing patterns 
in commercial processes such as catalytic crackers. 
REFERENCES 
1. MacCuaig, 1., W. Gilboy, and R. Clift. 1985. Applications of gamma-ray 
tomography to gas fluidized beds. Applied Optics 24(23):4083-4085. 
2. Gilboy, W.B., 1. Foster, and M. Folkard. 1982. A tomographic gamma-ray scanner 
for industrial applications. Nuclear Instruments and Methods 193:209-214. 
3. Fasching, G.E., and N.S. Smith. 1990. Three Dimensional Capacitance Imaging 
System, DOE Technical Note DE90000470. 
4. Fasching, G. and N. Smith. September 1988. High Resolution Capacitance 
Imaging System. 37p. DOEIMETC-88/4083. NTISIDE88010277. 
5. Tournaire, A. 1986. Dependence of the instantaneous response of impedance 
probes on the local distribution of the void fraction in a pipe. Int. J. Multiphase 
Flow 12(6):1019-1024. 
6. Halow, 1.S., G.E. Fasching, and P. Nicoletti. 1989. Preliminary capacitance 
imaging experiments of a fluidized bed. Annual AIChE Meeting, San Francisco, 
California, November 5-10. 
7. Looyenga, H. 1965. Dielectric constants of heterogenous mixtures. Physica 
31 :401-406. 
1152 
